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Abstract 
Fatigue-crack-growth-rate tests on compact specimens were conducted on several materials (2024-T3, 2324-T39, 7050-
T7451, Inconel-718 and 4340 steel) at load ratios of 0.1 to 0.95, and for several Kmax test conditions. Test data were generated 
from threshold to near fracture using compression pre-cracking constant-amplitude (CPCA) or compression pre-cracking load-
reduction (CPLR) test methods in the threshold regime; and constant-amplitude loading at higher rates. Remote back-face strain 
(BFS) gages were used to monitor crack growth. BFS and local strain gages placed along the crack path were both used to 
measure crack-opening loads. Previous research had indicated that high load ratio and Kmax tests produced crack-closure-free 
conditions. However, measured crack-closure behavior under high load ratios and Kmax test conditions was attributed to residual-
plastic deformations, crack-surface roughness and/or fretting-debris. From local crack-opening load measurements, the effective 
stress-intensity-factor range appeared to be uniquely related to crack-growth rate from threshold to higher rate conditions. 
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1. Introduction 
In the past, fatigue cracks grown under high load ratio (R = Pmin/Pmax) or Kmax test conditions, which generated 
data at extremely high load ratios in the near-threshold regime, had been assumed to crack-closure free. 
Measurements of crack-opening loads using “remote” displacement or strain methods had indicated no crack closure 
at high load ratios. In addition, plasticity-induced crack-closure (strip-yield) model analyses had also predicted 
crack-closure-free behavior under high load ratios. However, the use of “local” strain gages mounted near the crack-
tip location has produced significant indications of crack closure under high load ratio and Kmax test conditions in the 
near-threshold regime. This paper is a review of crack growth and closure behavior under high R conditions. 
 
Fatigue-crack-growth (FCG) tests on compact specimens were conducted on several materials (2024-T3, 2324-
T39, 7050-T7451, Inconel-718 and 4340 steel) at load ratios of 0.1 to 0.95, and for Kmax test conditions under 
laboratory-air conditions. Test data were generated from threshold to near fracture using compression pre-cracking 
constant-amplitude (CPCA) or compression pre-cracking load-reduction (CPLR) test methods in the threshold 
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regime, and constant-amplitude (CA) loading at higher rates. Remote back-face strain (BFS) gages were used to 
monitor crack growth. BFS and local strain gages placed along the crack path were both used to measure crack-
opening loads. Elber’s load-reduced-displacement (or strain) method was used to determine crack-opening loads by 
inspection. Comparisons have been made on the crack-opening loads determined from both remote and local strain 
gages. And the results from the local strain gages were used to determine the effective stress-intensity-factor range 
against crack-growth rate on a wide variety of materials in the threshold and near-threshold regimes. 
2. Specimen and materials 
Compact C(T) specimens were used, except the pin-holes were beveled to help minimize out-of-plane bending 
influence on crack-front shapes and to help produce linear load-strain records from side-face (local) strain gages 
with only a crack-starter notch. Because of slight misalignments in the compact-clevis pin-loading fixtures or pin-
holes, the pins may contact the outer edges of the pin-holes and cause out-of-plane bending. Thus, the stress-
intensity factors at the crack tip on one side of the specimen will be higher than on the other side and cause a non-
straight crack front. The beveled pin-holes, as shown in Fig 1(a), causes the pin to automatically contact near the 
centerline of the specimen and produces a straighter crack front, as shown in Fig 1(b) on 4340 steel. One specimen 
had the standard pin-hole configuration and produced a non-straight crack front as threshold conditions were 
approached; whereas, the specimen with the beveled pin-holes produced a nearly straight crack front during a 
similar threshold test. C(T) specimens tested on a variety of materials were nominally 51, 76 and 152 mm (W) wide. 
The crack-starter V-notch had either a 45- or 60-degree included angle. The notch-length-to-width (cn/W) ratio 
varied from 0.33 to 0.35 in order to increase the sensitivity of the BFS gage crack-monitoring system. A summary of 
the materials and C(T) specimen configurations tested are listed in Table 1. 
 
$ (5
0 GCTETCEMVKR
UVTCKPICIGU2
2
A
A
$
$
Sec A-A
 
Non-straight 
crack front
Straight crack 
front
Threshold
 test
Threshold
 test
Notch
Notch
Standard hole
Beveled hole
 
      (a)       (b) 
Fig. 1. (a) C(T) specimen with beveled pin-holes; (b) 4340 steel tests with and without beveled pin-holes 
3. Fatigue crack growth test procedures 
FCG tests were performed using closed-loop servo-hydraulic fatigue test machines that applied a sinusoidal wave 
form for constant- and variable-amplitude loading for threshold and constant Kmax tests. A computer controlled crack 
monitoring system [1] was used to continuously monitor crack lengths during tests using the BFS compliance 
technique [2]. For a given material, the crack length was determined using an improved compliance equation for the 
C(T) specimen [3]. Also the required loads for all of the K-control tests were computed by the crack-monitoring 
system. Periodically, crack lengths were verified by visual measurements using an optical microscope. Compliance 
crack lengths were recalibrated when the visual crack lengths deviated by more than 0.05 mm. After testing, FCG 
rates and stress-intensity factors were corrected by considering the deviation between visual and compliance crack 
length measurements. FCG rates were evaluated after crack-growth increments of 'c/W = 0.001~0.002. 
Table 1. Materials and compact specimen configurations tested 
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Material B, mm W, mm Yield stress, MPa Tensile strength, MPa 
2024-T3 2.3 (a) 152 360 495 
2324-T39 6.35 76 450 500 
7050-T7451 6.35 51 470 525 
4340 steel 6.35 51 --- 1145 
Inconel-718 9.5 76 1060 1350 
  (a) Pin holes were not beveled 
There are two types of threshold tests available in the American Society for Testing and Materials (ASTM) 
standard [4]. The first type of test is one where the load ratio, R, is held constant during the test. Near-threshold data 
for large fatigue cracks are generated by reducing the applied load (i.e., Kmax) as the crack grows. Threshold is 
achieved when the crack grows very slow (i.e., dc/dN = 10-10 m/cycle) [4]. The concern with this standardized load-
reduction test method is a possible load-history effect due to the reduction of the plastic-zone size as the crack 
propagates and the development of remote closure [5, 6]. The ASTM E-647 standard suggests using the load-shed 
rate, C = - 0.08 mm-1, for constant R threshold tests to ensure consistent results and, presumably, to eliminate load-
history effects. However, evidence suggests that this standard is insufficient [5-7]. In order to avoid undesirable 
remote closure effects during threshold tests, a compression-compression pre-cracking (CP) method was proposed 
[8-9]. Since pre-cracking was performed under compression-compression constant-amplitude (CA) loading, a crack 
from the notch will be fully open at the zero-load condition. However, the first compressive load will create a tensile 
residual-stress field that grows the crack faster than steady-state behavior under tensile CA loading. In order to 
generate valid FCG rate data, a crack must be grown at least two compressive plastic-zone sizes from the notch [10]. 
After the crack-extension criterion is met, a load-reduction test can be performed to generate threshold conditions 
(CPLR) or maintain tensile CA loading (CPCA) to generate data from threshold to fracture (if the initial load level 
was higher than threshold conditions). The advantage of using the CP method is that the initial loading condition to 
start the FCG rate test is much lower than the current standard, but also it is very effective when material around a 
notch is tainted by residual stresses and/or a recast zone due to electrically-discharged-machining (EDM) the notch. 
 
The second type of threshold test is performed by holding Kmax constant. Constant Kmax threshold tests are 
considered to have two major advantages over constant R threshold tests. First, remote closure is less likely during 
constant Kmax threshold testing because the monotonic plastic zone (which is responsible for crack-wake plasticity) 
remains constant during the test. Second, because the effects of load history have been eliminated, the minimum 
load may be increased at a faster rate. For constant Kmax tests performed, a K-gradient of C = -0.4 mm-1 was used. 
As a constant Kmax test progresses, R increases and fatigue crack closure may be eliminated, whereas for constant R 
tests, in general, fatigue crack closure is not eliminated near threshold conditions and remote closure may occur. 
4. Crack closure measurement technique 
During FCG testing, crack lengths were monitored using compliance data from a BFS gage. Compliance data, 
which is the inverse of stiffness, from the closure-free portion of the load cycle is used to determine crack length, 
enabling the tests to be automated and computer controlled. Load-strain data can also be used to measure fatigue-
crack-closure events. As a fatigue crack closes, the effective load range is reduced. A typical load against BFS 
record is presented in Fig 2(a) for R = 0.1. For CA loadings, the compliance is constant at high loads (open crack), 
which appears as a linear section in the upper right portion of the figure. As the load decreases, crack surfaces 
contact and produce a change in compliance. In cases where a large portion of the crack surface closes during 
unloading, this compliance change is very dramatic. When only a small portion of the crack closes very near the 
crack tip, this change in slope may be difficult or impossible to distinguish on a load against strain plot. The reduced 
compliance technique was developed to improve detection of these subtle compliance changes [11-12]. The reduced 
strain, 'H, is the deviation from closure-free compliance behavior (i.e. Fig 2(b)). Closure loads are more easily 
detected from load-against-reduced-strain plots. Closure-free behavior on these plots becomes a vertical line, 
making compliance deviations easier to detect. Using the reduced strain technique, the deviation from the fitted line 
due to closure is clearly seen; significant deviation at low loads (P/Pmax < 0.5) is observed in Fig 2(b). Fitting lines 
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through closure-free data (P/Pmax > 0.5) allows closure to be defined as the load corresponding to the intersection of 
the fitted lines. However, this technique does not provide information about the location of crack face contact since 
this method relies on changes in compliance to determine closure (or crack-opening) levels. 
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Fig. 2. (a) Load against BFS record; (b) Load against reduced strain record on 2024-T3 aluminum alloy 
5. FCG test and crack-closure measurement preparation 
Some researchers have proposed that remote gages are not sensitive enough to measure crack-opening loads [13]. 
Thus, to improve the sensitivity of load-strain records, strain gages were bonded on the surface of C(T) specimens 
along the crack path offset about a notch height (W/32). One of the concerns with the local gage measurements is 
out-of-plane bending. All holes on the C(T) specimens were beveled (except the thin-sheet 2024-T3) to ensure that 
pin contact occurs near the center of the pin-hole (minimizing out-of-plane bending). The original idea of the crack-
closure concept was that there was no damage to the crack-tip material below the crack-opening load. The crack-
opening load can be determined by a deviation point from the upper linear portion of the load-against-reduced-strain 
record. Therefore, if there is no crack-surface contact, then the load-reduced-strain records should be linear. Before 
pre-cracking, target cyclic loads were applied to notched (un-cracked) specimens to ensure that there was no non-
linearity’s in the local strain-gage readings. For example, a demonstration was done on the 7050-T7451 aluminum 
alloy, which had an EDM notch with a 0.2 mm notch-root radius. Load levels were chosen to be at 'K = 2.6 and 1.8 
MPa-m1/2 for R = 0.1 and 0.7, respectively, which are equivalent to a rate of 10-9 m/cycle. Fig 3(a) shows the load-
reduced-strain record on the un-cracked (notched) specimens. Since there was no crack closure and no out-of-plane 
bending, the local load-strain records showed only linear response. It also demonstrated that there were no other 
disturbances in the testing system to cause a non-linear response in the local strain-gage readings. During testing, 
optimum measurement signals were obtained when the crack tip was located almost 2 gage widths from the center 
of the gage. Strain-gage sizes were chosen to be about 5% of specimen width. A comparison between local and 
remote (BFS) gage readings on a C(T) specimen made of the 2024-T3 alloy is shown in Fig 3(b). This figure shows 
the load-reduced-strain records measured on a test at R = 0.1. The results from the BFS shows the tail-swing 
associated with crack closure and the compliance-offset values of 1% (OP1) and 2% (OP2). The compliance-offset 
values gave progressively lower values of the crack-opening-load ratio for larger offset values. The circular symbol 
shows the crack-opening-load ratio determined by inspection (deviation from upper linear portion of the load-
reduced-strain record) from the local gage. The near crack-tip gage showed a similar load-reduced-strain record as 
the BFS gage, but showed a slightly larger tail-swing and indicated that the crack-opening load would be about 5% 
higher than the 1% offset value. Based on the difference between 1% and 2% offset opening values (0.465 and 
0.425) and linear extrapolation to 0% offset, the opening load would be about 0.5, which agreed very well with 
crack-opening load determined from the local reading. Also, by comparing remote and local gage readings, it 
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indicated that the measurement location was not a problem as long as the load-strain records were measured ahead 
of crack tip. The curvature below the crack-opening load showed noticeable differences between local and remote 
gage readings. Local gage readings showed an aggressive change below the opening load, while the BFS gage 
showed a gradual change. Thus, local gages enhance the fidelity to determine crack-opening loads. 
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Fig. 3. (a) Load against reduced strain records for notched specimen; (b) Load against reduced strain record for cracked specimen 
 
Fig 4(a) shows a comparison of load-strain records measured on the R = 0.7 test from a near crack-tip strain gage 
(local) and the BFS gage (remote) at a FCG rate of 1×10-10 m/cycle. Some researchers have tried to determine the 
opening load from load-strain records [14]. From these records, it would have been concluded that the crack was 
fully open. However, the opening load is a very subtle change in the load-strain record, so it is impossible to 
determine one unique point. Fig 4(b) shows load-reduced-strain records [11, 15, 16] for the same load-strain records 
as shown in Fig 4(a). Levels of noise were almost the same between the local and remote gages, but the shape of the 
load-reduced-strain records was different. Obviously, the signal-to-noise ratio in these data is poor. But the local 
gage did measured a clear indication of crack closure, even at R = 0.7. The local gages almost always showed some 
amounts of crack closure in the near threshold regime; whereas, the remote gage consistently showed no indication 
of crack closure at high R-values. This indicated that the remote gages are not sufficient to determine crack-opening 
loads from remote measurements, especially at high R; and that local measurements have a great advantage in 
capturing the near crack-tip behavior. ASTM E647-08 [4] suggests using a 2% offset compliance change to 
determine crack-opening loads from load-reduced-strain or displacement records. However, because of the 
amplitude of noise and size of crack-closure tail-swings on the reduced load-strain records, the use of offset values 
was not practical and greatly under estimated the true crack-opening loads. In Fig 4(b), the amplitude of noise was 
approximately 1-PH and the size of the crack-closure tail-swing was about 3.5-PH for the R = 0.7 local measurements 
at 1×10-10 m/cycle; whereas other tests at lower R (0.1) showed orders-of-magnitude larger tail-swings from the BFS 
and local strain gages, like that shown in Fig 3(b). 
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Fig. 4. (a) Load against strain records for remote and local gages; (b) Load against reduced strain records 
6. FCG rate data and crack-closure measurement results 
FCG tests were conducted over a wide range in load-ratio conditions (0.1  R  0.9) and two constant Kmax tests. 
Fig 5(a) shows an expanded threshold region for 2024-T3 aluminum alloy. All specimens were compression pre-
cracked (CP) before testing. After CPCA loadings, the CPLR tests were conducted from 2 to 3×10-9 m/cycle. Once 
the threshold regime was reached, CA loads were applied to generate the mid-region and near-fracture data. Since 
the 2024-T3 C(T) specimens have a thickness of 2.3 mm and width of 152 mm, back-face buckling may have 
occurred when the crack lengths were large or when high loads were used for the high load-ratio tests, such as R = 
0.9. Hence, it was unable to generate near-fracture data for R = 0.7 and 0.9. CPCA tests were performed at R = 0.1 
and 0.9 only. The CPCA tests at R = 0.9 data agreed well with CPLR data, but the CPCA R = 0.1 results showed a 
slightly higher threshold of 3.2 MPa-m1/2, while CPLR test produced 3.0 MPa-m1/2. A constant Kmax test was chosen 
to have a much lower Kmax value (7.3 MPa-m1/2) than the reference test (22 MPa-m1/2) from the literature [17]. Each 
constant Kmax test produced different load ratio data; Kmax test at 22 MPa-m1/2 had R from 0.72 to 0.94, while the 
Kmax test at 7.3 MPa-m1/2 had R from 0.1 to 0.8. The R = 0.7 and 0.9 tests produced thresholds of 1.8 and 1.45 MPa-
m1/2, respectively; while constant Kmax tests (22 and 7.3 MPa-m1/2) showed thresholds of 1.22 and 1.63 MPa-m1/2, 
respectively. As expected, lower threshold values were obtained from the higher load-ratio test. In this section, local 
strain gages were used again to measure load-strain records during threshold tests on every load conditions. 
 
Because thin and wide C(T) specimens were tested, R = 0.9 and high constant Kmax tests were suspected to 
experience back-face buckling, which would disturb the surface stress distribution and corrupt local gage readings. 
Thus, local strain gages were used and measured load-strain records on only the R = 0.7 test and the lower constant 
Kmax test. First, the load-strain records at R = 0.1 were measured during a CPCA test and these results are shown on 
Fig 5(b). Because of better sensitivity, crack-opening loads from local gages were quite easy to determine. Crack-
opening loads from the local gages were determined by inspection, whereas OP1 values (shown in cross symbols) 
came from the BFS gage readings made with the crack-monitoring system [1]. Consistently, the local gages showed 
higher crack-opening loads than the remote gages, but both records showed the same trend, in that, the crack-
opening loads were rising as the crack-growth rate approached the threshold regime. 
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Fig. 5. (a) 'K-rate data on 2024-T3; (b) Load against reduced strain records in threshold regime at R = 0.1 
 
For high R tests, all crack-opening loads were determined by inspection for both local and remote gages, since 
opening readings from the crack-monitoring system were either not available or not reliable. Fig 6(a) shows the 
series of local gage reading during a CPLR threshold test. Results from remote gages are not shown here because all 
of the records were similar to the ones shown on Fig 4(b) with no indication of crack closure. The local gages almost 
always showed some amounts of crack closure in the near-threshold regime, and also a rise in the crack-opening 
load as the threshold was approached. This indicated that the remote gages are not sufficient to determine crack-
opening loads from remote measurements, especially at high R; and that local measurements have a great advantage 
in capturing the near crack-tip behavior. Fig 6(b) shows a load-reduced-strain records for the constant Kmax (7.3 
MPa-m1/2) test. The local gages showed a clear indication of crack-closure behavior. At the load ratio of 0.74 and 
0.77, the local-gage records indicated that the crack was fully opened at Po/Pmax of 0.8 and 0.84, respectively. 
 
Based on the crack-opening loads determined from local gages, crack-closure corrections were performed on the 
R = 0.1 and 0.7 test data, and the low constant Kmax test data, and these results are shown on Fig 7(a). All of the 
crack-closure corrected ('Keff) data have collapsed together into a fairly tight band and the results are approaching a 
('Keff)th value at threshold of about 1 to 1.15 MPa-m1/2. These 'Keff results consistently fell lower than the high 
constant Kmax test (22 MPa-m1/2). At the ASTM defined threshold (10-10 m/cycle), the ('Keff)th ranged from 1.02 to 
1.17 MPa-m1/2, whereas 'Kth from the high constant Kmax test was 1.22 MPa-m1/2. These results suggest that the 
'Keff against rate relation may be a unique function over a wide range of R in the threshold regime of 2024-T3, if 
more appropriate crack-opening-load values were measured. 
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Fig. 6. (a) Load against reduced strain for R = 0.7; (b) Load against reduced strain records for Kmax test 
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Fig. 7. (a) 'Keff-rate data on 2024-T3; (b) 'Keff-rate data on 2324-T39 
 
It seems that a high constant Kmax test may be able to generate 'Keff baseline data for near-threshold conditions. 
The 2024-T3 aluminum alloy had a fairly flat crack surface. Thus, plasticity-induced-crack-closure should dominate 
with some addition fretting-debris-induced-crack-closure and very minor crack-surface-roughness-induced-crack-
closure. In the case of a material with very rough crack-surface profiles, like 2324-T39, even a high constant Kmax 
test may be experiencing a combination of the three major crack-closure-mechanisms (plasticity, roughness and 
debris). Fig 7(b) shows near-threshold FCG rate data and the 'Keff region determined from various test conditions 
(R = 0.1, 0.7, 0.9 and constant Kmax test) on 2324-T39 aluminum alloy. All of the crack-closure corrected data have 
collapsed together into a narrow band and the results are approaching a ('Keff)th value at threshold of about 1 MPa-
m1/2. These results suggest that the 'Keff against rate relation may be a unique function over a wide range of R in the 
threshold regime, if more appropriate crack opening-load values were measured. Even the remote gage at R = 0.1 
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produced 'Keff values (OP1) quite close to the results from the local gages at high R, see Fig 7(b). In an effort to 
generate crack-closure-free data in the near-threshold regime, a CPLR test at R = 0.95 was performed, but 
unfortunately, without local-strain gages. The test was conducted at an initial 'Ki of 1.65 MPa-m1/2 to generate near-
threshold data (Fig 7(b)). However, the data fell at higher 'K values than the 'Keff regime at a given rate, but still at 
slightly lower 'K values than the R = 0.9 and Kmax tests. These results imply that there may be crack closure at R = 
0.95! Since local gages were not used, however, there was no direct evidence, but must wait further test results. 
 
Similar local-gage measurements were made on 7050-T7451, Inconel-718 and 4340 steel near threshold 
conditions; and the 'Keff-rate data were calculated from threshold to near fracture. Fig 8(a) shows FCG data at 
various load conditions (R = 0.1, 0.7, 0.9 and two constant Kmax tests) on 7050-T7451. The lowest 'K at the 
threshold rate (1×10-10 m/cycle) was 1.25 MPa-m1/2, which was produced by the highest constant Kmax test. 
Typically, R = 0.7 test data is considered to be crack-closure-free data and its 'Kth value was found to be 1.5 MPa-
m1/2. The highest constant Kmax test produced a lower 'Kth value than the R = 0.7 test. Hence, it has been considered 
that Kmax is one of the most important parameters to cause damage around a crack-tip and produces a phenomenon 
called the "Kmax effect" [13, 17]. However, by use of local measurements, which amplifies the fidelity to determine 
the amount of damage at a crack tip, and to determine 'Keff, the Kmax effects have been explained by crack closure. 
Crack-closure effects were found on all of the load conditions tested in these FCG rate data sets. Fig 8(b) shows 
'Keff-rate data calculated from crack-opening loads determined from the local measurements (R = 0.7 and two 
constant Kmax tests) and from the remote gage (R = 0.1). Near-threshold and mid-region 'Keff-rate data determined 
from local-gage measurements showed very good agreement with 'Keff-rate data determined from the remote gage 
at R = 0.1. The lowest 'Kth value was produced by the highest constant Kmax test; however, ('Keff)th was found to be 
0.5 to 0.6 MPa-m1/2. Thus, the high R and constant Kmax tests were not crack-closure free, especially on a material 
with a rough crack-surface profile, like 7050-T7451. 
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Fig. 8. (a) 'K-rate data on 7050-T7451 for wide range in R; (b) High R 'K-rate data and 'Keff-rate data on 7050-T7451 
Fig 9(a) and (b) shows FCG rate and 'Keff-rate data of Inconel-718. On this material, there were no constant Kmax 
test conducted, but constant R data were generated on R = 0.1, 0.4, 0.7, 0.9 and 0.95. Local measurements to 
determine crack-opening loads were performed on only the R = 0.7 test and the rest of the 'Keff-rate data were 
calculated from remote gage readings. FCG rates on the Inconel-718 material showed a small influence of R in the 
mid-region, but very large fanning was observed in the near-threshold region. The lowest'Kth was found at about 3 
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MPa-m1/2 from the R = 0.95 test, while 'Kth at R = 0.7 was 4.4 MPa-m1/2. By using local gage measurements, crack 
closure was observed on R = 0.7 test near the threshold regime and 'Keff-rate data calculated from local-gage 
measurements agreed very well with R = 0.95 results near-threshold conditions. In addition, remote-gage 
measurements for R = 0.1 and 0.4 also indicated that 'Keff-rate data agreed well with the local-gage data at R = 0.7. 
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Fig. 9. (a) 'K-rate data on Inconel-718 for wide range in R; (b) Extremely high R 'K-rate data and 'Keff-rate data on Inconel-718 
 
Fig 10(a) and (b) shows FCG rate and 'Keff-rate data of 4340 steel. This material exhibited very small crack-
closure effects from threshold to near-fracture, but lower thresholds were found as the load ratio approached unity. 
'Kth for R = 0.7 and 0.9 test data was 2.7 MPa-m1/2 and 2.2 MPa-m1/2, respectively. Once again, by using local 
measurements during the R= 0.7 test, the spread between R = 0.95 and 0.7 data was explained by crack closure as 
shown in Fig 10(b). The 'Keff-rate results determined from local gages agreed very well with standard crack-closure 
measurement determined from remote (BFS) gages. 
7. Discussion of results 
The local strain-gage measurements revealed that remote strain gages (and presumably remote crack-mouth 
displacement gages) were unable to measure crack-closure behavior at high load ratio ( 0.7) conditions. Using the 
local method, high-R-closure effects were found on several types of materials (three aluminum alloys, a steel and a 
nickel-based superalloy). Also, the local-gage measurements found crack closure during constant Kmax tests, which 
was totally unexpected. Moreover, it was shown that crack-opening loads determined by remote and local gages 
consistently showed a rise in the crack-opening (Po/Pmax) ratio as threshold conditions were approached. In the past, 
the three major crack-closure (or shielding) mechanisms were recognized as contributing to threshold development: 
(1) plasticity-induced crack closure (PICC), (2) roughness-induced crack closure (RICC) and (3) debris-induced 
crack closure (DICC). Strip-yield model simulations of FCG [6] have also indicated that cracks were fully open at 
load ratios (R) higher than about 0.7. However, these simulations were based on only the PICC mechanism. Hence, 
it can be concluded that high-R crack-closure in the threshold regime was caused by RICC and DICC mechanisms, 
as suspected from past research, but in addition to plasticity, which set the crack-opening load at the minimum (Pmin) 
load level.  Thus, small amounts of debris accumulation and roughness along the crack surfaces can then contribute 
to crack-opening loads above the minimum load level for high-R conditions. 
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Fig. 10. (a) 'K-rate data on 4340 steel for wide range in R; (b) Extremely high R 'K-rate data and 'Keff-rate data on 4340 steel 
8. Concluding remarks 
It was shown that there is crack closure at high R ratios, such as R = 0.7 or higher, which was commonly 
considered to be crack-closure-free load ratios. This behavior was considered to be due to either fretting debris 
and/or crack-surface roughness, which were identified in the early 1980’s [18-19]. It was known that RICC and 
DICC mechanisms may have significant influence in the near-threshold regime. The experimental determination of 
crack-opening loads from load-reduced-strain records measured from either local or remote gages is a combination 
of, at least, the three major crack-closure mechanisms (PICC, RICC and DICC). There may be a way to separate the 
effects of each mechanism, but it has not yet been done in the literature. In the development of fatigue-crack-growth 
testing standards, the remote-gage method was standardized, since it not only monitored crack lengths, but was also 
used to determine crack-opening loads simultaneously. As previously indicated, however, remote gages were shown 
to lack the sensitivity to measure crack-opening loads in the case of high load ratios. Yet, there are reports [17, 20] 
that indicate that crack-opening loads determined from remote gages for low R load-reduction tests tended to be 
higher than expected based on high R tests (assuming that the high R test data were crack-closure free). Hence, the 
lack of data correlation with the crack-closure concept lead to the conclusion that 'Keff was an inappropriate crack-
tip parameter. In this study, however, local-strain gages were used to increase the strain sensitivity during threshold 
testing and comparisons of crack-opening load determination between local and remote gage showed consistently 
that local gages produced higher crack-opening loads than remote gages. However, if remote closure was 
prematurely induced, such as during the standard load-reduction test, the so called "crack-opening loads" from 
remote gages should more correctly be referred to as "crack-surface lift-off loads".  The lift-off load is higher than 
the crack-opening load needed to correlate crack-growth data on a 'Keff-rate curve. On the other hand, the test 
conducted without inducing remote closure effects showed that the crack-opening loads from local gages were 
higher than those measured with remote gages. It was also shown that the use of the compression pre-cracking 
methods helped to eliminate remote closure effects and provided a better crack-opening load determination method 
during threshold testing. 
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